The withdrawal of Baiu, the end of early summer rainy period over Japan, is marked by a stepwise northward migration of the westerly jet in the upper troposphere. The Coupled Model Intercomparison Project Phase3 (CMIP3) dataset was utilized to investigate possible changes in the seasonal development under a warmer climate. To obtain realistic model simulations, we evaluated model performance by comparing simulated and observed westerly jets for the presentday climate, selecting the top five models. Future climate projections using these models show that the westerly jet will be strengthened to the south of the jet axis, and the amount of precipitation in late July will be increased over the main land of Japan. These findings indicate that, by the end of the 21st century, withdrawal of the Baiu season will be delayed.
Introduction
In Japan, the rainy period in early summer is called Baiu and is a part of the East Asian Summer Monsoon (EASM). The amount of rainfall during this season accounts for as much as one-third of annual total precipitation in some parts of Japan. Thus the Baiu rainfall affects a wide range of human activities, including water resource management, disaster reduction, and agricultural practices.
It is of both practical and scientific interest to exam ine the projected impact of global warming, resulting from the increase in anthropogenic greenhouse gas Japan, Vol. 90, No. 5, pp. 663−671, 2012 DOI: 10.2151 concentrations, on future atmospheric circulation around the Baiu season. As the onset, development over time, and withdrawal of the Baiu are all thought to be relevant in assessing the impact of climate change, we focused not only on the seasonal mean state but also on the intra-seasonal evolution of summer climate.
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Seasonal progression in Japan is closely associated with the meridional movement of the jet axis, suggesting that assessments of the jet stream may indicate future changes in climate. Characteristics of Baiu front have been related to the westerly jet (Kodama 1993) , and the mechanism by which the westerly jet drives the Baiu rainband through thermodynamic processes has recently been revealed (Sampe and Xie 2010) . To better understand what summers in Japan would be like in a warmer climate projected to appear present towards the end of the 21st century, we have examined future changes in the jet stream.
Although many previous studies have reported that, under future climactic conditions, the end of Baiu season would be delayed (Kanada et al. 2012; Kusunoki et al. 2006; Kusunoki et al. 2011; Yasunaga et al. 2006; Yoshizaki et al. 2005) , most of those studies were based on simulation results from a single model. We have therefore utilized a multi-model approach to address diversities and uncertainties arising from the choice of climate models. The WCRP CMIP3 (Coupled Model Intercomparison Project 3) dataset well suits this purpose. Ninomiya (2011) pointed out that a large intermodal spread exists in changes in the Baiu frontal zone. Kitoh and Uchiyama (2006) showed that the changes in seasonality of EASM are still significant in some areas in Asia, including a delay of Baiu withdrawal. They associated the change to an El-Niño-like response of low-level atmospheric circulation. In addition to this, we expected that evaluations of the middletoupper tropospheric flow would provide a more comprehensive understanding of the future summers in Japan.
Section 2 explains the data and models used in this study. Section 3 describes the observed summertime seasonal precipitation over Japan in relation to the westerly jet stream. Section 4 evaluates the reproducibility of the westerly jet in CMIP3 models. Section 5 shows projected future changes in summer in Japan. Section 6 discusses the possible climatologic factors that could explain these projected changes, along with model-to-model diversity observed during the projections. Finally, Section 7 summarizes the results.
Data and models
We mainly used the Coupled Model Intercomparison Project Phase 3 (CMIP3) multi-model dataset (Meehl et al. 2007 ), available at the web site of the Program for Climate Model Diagnosis and Intercomparison (PCMDI). Current climatology is defined as the 19791996 mean derived from the 20th century run (20C3M) and future climatology is defined as the 20812098 mean from IPCC SRES A1B run. As we investigated future sub-seasonal changes, we used only 17 climate models (see Table 1 ) that provide related elements on a daily basis for those periods. We should note that only one ensemble member per model was used to treat all models equally, even if two or more were available. To reduce discrepancies in the model calendar, pentadmean climatology was first calculated from daily outputs according to their calendar date, with February 29 assigned to pentad number 12 (25 February1 March) . For the models in Table 1 identified as "N" and "Q", which have only 360 days per year, we postulated that each month would contain 30 days. Owing to the relatively small sample size (18 years for both the present and future climates), the pentad-mean data in individual years was not immune to meteorological fluctuations caused by shortlived weather systems, both observed and appearing in the model simulations. Besides the natural variation, systematic errors are also present in the model simulations. To eliminate these fluctuations, which are regarded as undesirable noise during climatologic analysis, and to obtain smoother seasonal progress, we applied a lowpass filter to the observed and modeled results. The smoothed pentad mean climatology was produced by applying a 5point binomial filter to the original series. In Section 6, however, we employed monthly means from 21 models.
As references, we used the CMAP (Xie and Arkin 1997) for precipitation and the JRA25 (Onogi et al. 2007 ) for all other variables. Since spatial resolution varied among models, we reorganized the original CMIP3 outputs into a 2.5° × 2.5° degree latitude/ longitude grid, similar to those used for the CMAP and JRA25. Figure 1 shows the observed climatological seasonal progress of the upper tropospheric westerly jet stream and the average precipitation along 120°E-150°E, which covers almost the entire area of Japan. The core of the upper westerlies remains around 30°N in winter, later shifting northward in May, when Okinawa (26°N, 128°E) enters the rainy season. Although these westerlies weaken toward high summer, the jet core keeps traveling throughout the Baiu season and reaches around 40°N during the middle of July. In late July, the jet core jumps discontinuously to the north, signaling the end of the Baiu season. In August, the jet stream begins to head south and Japan enters another rainy season known as "Shurin". The northward/southward displacement of peak latitude for precipitation shows good correspondence with the seasonal progression of the westerly jet throughout the year. In May, a frontal zone is formed at approximately 5 degrees south of the jet core, and begins to advance toward the north in phase with the jet. A sudden decrease in precipitation over Japan in late July coincides with the abrupt northward displacement of the westerly jet. Meanwhile, tropical areas experience stepwise seasonal changes, with each step closely connected with changes in precipitation around Japan (Ueda 1995; Inoue and Ueda 2009 ). This coordinated seasonal evolution of the jet stream and precipitation, however, may not occur independently and may be attributed, at least in part, to an upper tropospheric wind response to active convection. That is, a baroclinic response to a strong heat source in the frontal area would induce an upper tropospheric high, strengthening the westerly to the north.
Observations
As the relationship typically occurs in the upper/ lower troposphere, we also evaluated horizontal temperature advection in the mid-troposphere, which was regarded by Sampe and Xie (2010) as environmental forcing to Baiu fronts. In analyzing the climatological thermal balance of Baiu rain fronts, they found that strong adiabatic cooling with upward flow in the frontal area was balanced not only by convective heating, but by horizontal thermal advection in mid-troposphere. By conveying warm air from the Asian continent into the atmosphere over Japan, the westerly jet maintains latitudinal position as well as the strength of the Baiu fronts during summer. The coincidence of peak rainfall and strong thermal advection, along with their collaborative northward migration from late May to July (Fig.   1 ), corroborates previous findings. Figure 2 shows the timelatitude cross sections of observed 200hPa zonal winds and their meridional second derivatives (hereafter U200 and Uyy200). Since the westerly jet is a waveguide (Hoskins and Ambrizzi 1993) that conducts synopticscale disturbances into the Baiufrontal zone (Sampe and Xie 2010) , Uyy200 can be used to characterize the structure of the waveguide at this pressure level. We avoided using the total wave number (Ks) to represent a waveguide index because it includes the planetary beta term that is independent of model structure, leading to an artificial high resemblance with observed results. In addition, the Uyy200 can help capture the strength and latitudinal structure of the westerly jet more clearly because the second derivative acts as a spatial highpass filter, thus accentuating spatially fine structures. We have therefore utilized Uyy200 rather than U200 to monitor Baiu Table 1 . CMIP3 models used in this study. A check mark in the "Daily" column indicates that zonal wind and precipitation are available on a daily basis, while a check mark in the "Monthly" column indicates that wind, geopotential height and surface temperature are available on a monthly basis. The five models in bold letters (E, F, G, H and O) were used for future projections in Section 5.
Model reproducibility

ID Model name Availability
Horizontal resolution of
.8 × 2.8 3.8 × 3.8 2.8 × 2.8 2.8 × 2.8 1.9 × 1.9 1.9 × 1.9 2.0 × 2.5 2.0 × 2.5 3.0 × 4.0 4.0 × 5.0 2.8 × 2.8 1.1 × 1.1 4.0 × 5.0 2.5 × 3.8 1.1 × 1.1 2.8 × 2.8 3.8 × 3.8 1.9 × 1.9 2.8 × 2.8 1.4 × 1.4 2.8 × 2.8 2.5 × 3.8 1.3 × 1.9
Compared with observed results (the top left panel in Fig.2) , we found that all models simulated annual changes in the westerly jet. During summer, however, some models show the westerly jet as moving southward rather than northward (Figs. 2A, D ) and other models show unclear changes (Figs. 2C, N) . These apparent differences in model reproducibility require evaluation of their ability to simulate seasonal progression of the westerly jet stream. Using pattern correlation and pattern variance of Uyy200 over the area of AprilOctober and 20°N -55°N in the latitudetime cross section, we calculated a skill score (Taylor, 2001) for each model relative to JRA25.
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where R is a pattern correlation coefficient of Uyy200 between each CGCM and the observed value, SDR is a ratio of pattern standard deviation of each model to the observed results, and R 0 is a maximum correlation coefficient for all possible pairs of ensemble members from the same model. We set R 0 as 1, since only the first member of simulation was used in this study. To better visualize the results of simulation, we utilized a Taylor
Diagram (Taylor 2001) to select the top five models with scores of at least one standard deviation greater than the average (Figs. 3 E, F , G, H, O) and generated a multi-model ensemble mean (MME) to provide future projections. The skill score of the 5-model MME was superior to any individual model in the dataset (Fig. 3  Z) . Figure 4a shows seasonal changes in U200 and precipitation, as determined by the 5-model MME. The MME reproduced the observed features of the jet stream, such as its northward migration along with the Baiu frontal zone and its sudden northward jump across 40°N in late July (see also Fig. 2z ). Nevertheless, the MME showed several deviations from observations. For example, the reproduced U200 is generally weaker than the observed, falling below 20 ms -1 during mid-summer. Two distinct peaks were detectable in observed precipitation around 27.5°N in late May and 32.5°N in late June (Fig. 1) , although the former was not reproduced in the MME. Ninomiya (2009) reported that CMIP3 models have latitude bias for the Baiu frontal zone. They noted the models reproduced roughly equal latitudes in June and July, but significantly north of observed latitude in May. The bias makes future projection for the areas in Japan less credible even using the optimal models. Figure 4b shows the future climatology of U200 and precipitation derived from the 5-model MME. Compared with the presentday climatology (Fig. 4a) , the MME projects precipitation increases in both the tropics and the midlatitudes during summer. Figure  5 shows future changes in U200 as deviations from the present-day climate. Subtropical jets tend to be displaced northward in the northern hemisphere as the Hadley cell expands due to global warming (e.g., Lu et al. 2007 ). In agreement with this general tendency, the westerly jet stream is accelerated, mainly on the north side of current jet core, with a notable exception around summer (Fig. 5) . The models agree in projecting a slight increase of the westerly to the south of the jet axis around summer, in marked contrast to the other seasons. Fig 5b shows the meridional structure of U200 in late July (pentads 40-42), when the withdrawal of the Baiu season occurs in the current climate, marked by the northward migration of the westerly jet. We observed large inter-model differences in the degree of projected future changes in the jet stream, making less certain the extent to which the jet stream will deviate from its current trajectory. With this precaution in mind, we found that the change in U200 to the south of the jet axis exceeded one standard deviation in intermodel variability, with the five models together projecting an enhancement of westerly flow. This will be accompanied by the appearance at a lower latitude of the maximum of thermal advection in the midtroposphere, as demonstrated by all five models (not shown) and the MME (dotted areas in Figs. 4a, b) . Figure 6 shows the amount of rainfall over the main land masses of Japan (127.5°E-150°E, 30°N-37.5°N). In the current climate, the observed precipitation suddenly decreases after its peak in late June. Despite insufficiently reproducing the sharpness of the peak, the 5model MME reflects both the advent and termination of the Baiu in the present-day climatology, with maximum rainfall simulated to occur at nearly the same time of year as observed. The MME suggests that the sudden decrease in rainfall at the end of Baiu would be less clear in the future, resulting in a prolongation of the rainy season in Japan.
Future projections
These projected changes in precipitation are consistent with the weakening of the seasonality of westerly jets. In addition, the southward strengthening of these jets are projected to continue into early autumn, suggesting an earlier onset of Shu-rin. Careful attention, however, should be paid to any model biases of CMIP3 simulations. The autumn rainy season occurs considerably earlier than observed in these simulations, with a less clear peak in rainfall, probably due to intrinsic model biases.
Discussion
This section will discuss the type of large-scale circulation associated with the southward strengthening of the westerly jet around Japan. Figure 7 shows the spatial structure of large-scale circulation over all of Asia during the summer (June-July-August). Model-to-model diversity was assessed using monthly data from all available models rather than from only Table 1 . The "Z:5_model_MME" in the fourth column of the fourth row is for the selected 5model MME (see Section 4).
the five selected models. In agreement with the southward strengthening of the westerly jet around Japan in the 5model MME projections (Fig.5) , a southward strengthening is projected to occur along almost the entire track of the Asian jet that crosses the Eurasian Continent (U200 in Fig. 7a ). As the northernmost position of the Asian jet usually occurs during this season, the projected change suggests a more frequent slowdown of seasonal progression in larger-scale circulation. Moreover, the upper tropospheric divergence (CHI200 in Fig.7b ) in the western North Pacific will also be attenuated, implying the occurrence of an anomalous downwelling flow, assuming a nearly zero vertical motion at tropopause and a non-divergent atmosphere.
These two changes may be related because a part of the Tibetan high results from a MatsunoGill response (Gill 1980) to the strong vertical motion in the monsoonal area induced by a heat source slightly north of the equator (Rodwell and Hoskins 1996) . This forcing-response relationship is moderately simulated by CGCMs in the current climate but is projected to decrease in strength in the future (Figs.7b, c) . A decrease in upper tropospheric divergence in the western North Pacific and a simultaneous shrinking of the Tibetan high suggest the simulated change in the Asian jet is closely linked to the weakening of monsoonal circulation in the tropics because the subtropical westerly jet flows along the northern edge of the Tibetan high. Most CMIP3 models signal weakening of the monsoon circulation over the related area, although others do not agree on the direction of change in U200 around Japan. As is shown in Section 5, however, the large model-tomodel uncertainty can be reduced by selecting models with realistic jet stream positions.
Conclusion
We have evaluated future changes in the summertime seasonal progression in Japan. We used multimodel future projection, consisting of the five CMIP3 models with the highest ability to simulate the seasonal progression of the westerly jet stream around Japan. We showed that the Baiu season would be protracted, indicating wetter mid-summers in the warmer climate. The jet stream would be strengthened to the south of the jet axis during summer, and the peak latitude of mid-tropospheric thermal advection would be positioned at lower latitudes than currently during late July, resulting in a projected significant increase in precipitation around Japan. As the horizontal thermal advection in the mid-troposphere acts as environmental forcing to the Baiu fronts (Sampe and Xie 2010) , the southward strengthening of the jet stream can affect the Baiu withdrawal by bringing more thermal inflow to the area around Japan.
Using all the available models, we assessed changes in large-scale atmospheric circulation during June-July-August. We showed that a majority of the CMIP3 models predict southward strengthening of the Asian jet during the late 21st century. Decreased upper tropospheric divergence in the western North Pacific and simultaneous shrinking of the Tibetan high suggested that the simulated change in the westerly jet stream was closely connected with the weakening of monsoonal circulation in Asia.
One of the key results in this study, delay of Baiu withdrawal, is consistent with a suite of earlier model studies, except that our findings were centered on the effect of the southward strengthening of the upper westerly, which may act to increase seasonal rainfall. In previous studies, however, future rainy summers were solely attributed to intensified water vapor flux in the low-level atmosphere resulting from enhanced surface evaporation and southerly winds blowing from the North Pacific High extending west to Japan (Kitoh and Uchiyama 2006; Kusunoki et al. 2011; Kimoto 2005; Kurihara et al. 2005 ).
We did not evaluate contributions to changes in the jet stream from many other possible factors, such as meridional teleconnective changes in East Asia (Kosaka and Nakamura 2011) . These issues should be addressed to get a much better understanding of the problem discussed here. In addition, a recent observational study demonstrated a delay of the beginning of the Baiu when compared to the early decades of the 20th century (Endo 2011) , while no signal suggesting the delay appears in our investigation based on climate models. Future research is needed to investigate the causes of this discrepancy. ), and (c) thickness between 500hPa and 200hPa (gpm). Contours denote current summer (JuneJulyAugust) climatology. Shadings denote future change and the dotted areas in (a) and (b) represent those in which ≥16 of the 21 models (≥76%) show inter-model agreement on the sign of the changes. Over these areas, two-sided sign tests rejected the null hypothesis of no differences at a significance level of 5%. In (c), dots are omitted because positive signs were significant everywhere.
